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This study compares limb lengths and joint diameters in the skeletons of six macaque species (Macaca assamensis, M. fascicularis,
M. fuscata, M. mulatta, M. nemestrina,a n dM. thibetana) from a broad range of habitats and climates in order to test whether
ambient temperatures, latitude, and altitude inﬂuence interspeciﬁc variation in limb morphology in this widely dispersed genus.
Analysis of variance, principal component analysis, and partial correlation analysis reveal that species from temperate latitudes
and high elevations tend to have short limbs and large joint diameters for their sizes while species from tropical latitudes and low
elevations tend to have long limbs and small joint diameters. Interspeciﬁc variations in intra- and interlimb length proportions
also reﬂect phylogeny and subtle diﬀerences in locomotion. The results of this study suggest that climatic conditions are important
factors among many ecological variables that inﬂuence limb morphology in this geographically widespread genus.
1.Introduction
Ecogeographic patterns, such as Bergmann’s and Allen’s
rules, have long been of interest to evolutionary biologists
testing hypotheses about the evolution of geographic vari-
ation within and among closely related species. These eco-
geographic rules, which state that body mass and appendage
lengths vary by climate and latitude among geographically
dispersed endothermic species in response to thermoreg-
ulation, have been invoked to explain variation in body
size and proportions in many mammals, birds, and other
vertebrate species [4–10]. Among primates, ecogeographic
patterns have been used to explain variation in body size
in lemurs [11]a n db a b o o n s[ 12–14], cranial size, body size,
and relative tail length in macaques [15–20], and body size
and proportions in modern humans [21–27] and Pleistocene
hominins [28–34].
Macaca is a particularly useful genus for modeling the
signiﬁcance of geographic dispersal and ecological variation
in the evolution of living and fossil primates. Macaque
species inhabit the greatest geographic range of any non-
human primate genus from 10◦ S o u t ht oo v e r4 0 ◦ North
latitude, habitats that extend from lowland tropical forests
to temperate climates and altitudes in excess of 2500m, and
stretching from Afghanistan eastward through Taiwan and
Japan, and a single species in Northwest Africa (Figure 1).
Despite this geographic diversity, Macaca is a monophyletic
genus comprised of 22 species that Fooden [1, 35]a n d
Delson [2] divide into four species groups based on
male reproductive anatomy and which Groves [3]d i v i d e s
slightly diﬀerently into six species groups (Table 1). Fossil
and biomolecular data indicate that the earliest macaques
emerged at circa 7mya in Northern Africa [1–3]. Subsequent
speciation and dispersal occurred ﬁrst in Fooden’s sylvanus-
silenus species groups, including the broad geogeographic
range of pig-tailed macaques (M. nemestrina), followed
by diversiﬁcation within the fascicularis and sinica species
groups during the late Pliocene through Pleistocene epochs
[1, 2]. Fooden [1] demonstrates that, while there is a great
deal of sympatry among macaques, species within each
species group are allopatric. Within Fooden’s fascicularis
species group, crab-eating macaques (M. fascicularis)a r e
the most primitive species with other members of this
species group, rhesus (M. mulatta), Japanese (M. fuscata),
and Taiwanese macaques (M. cyclopis), as descendant pop-
ulations continuously distributed throughout Southeast and2 Anatomy Research International
M. mulatta M. fascicularis
M. fuscata M. nemestrina
M. assamensis M. thibetana
Figure 1: Geographic ranges of Macaca species used in this study.
mainland Asia into Japan and Taiwan [1, 2]. Central to
this study, an early form of rhesus macaques diverged from
crab-eating macaques in the northern part of its range,
spread northward and eastward to India and China and
subsequently divided into eastern and western subspecies
[36, 37]. Japanese macaques then diverged from rhesus
macaques and dispersed to the Japanese archipelago [38].
Fooden [1] argues that the species divisions between crab-
eating macaques and rhesus macaques and between rhesus
macaques and Japanese macaques are somewhat arbitrary
implying introgression between species within the fascicu-
laris species groups, an observation supported by genetic
evidence [39]. Within the sinica species group, Tibetan
(M. thibetana) and Assamese macaques (M. assamensis)a r e
closely related allopatric species that extend from tropi-
cal latitudes (Assamese macaques) to northern, temperate
regions (Tibetan macaques) [1, 2]. Molecular data largely
support Fooden’s and Delson’s morphologically-based phy-
logenetic scenarios [38–44]. These data not only support
the monophyletic origins of the Macaca genus [39]b u t
also indicate the diverse intraspeciﬁc variation within rhesus
macaques [41] and paraphyletic relationships in species
within the fascicularis species group in general [38, 39].
Similarly, the broad geographic range of pig-tailed macaquesAnatomy Research International 3
Table 1: Macaca species groups.
Fooden [1]D e l s o n [ 2]G r o v e s [ 3]
silenus-sylvanus species group sylvanus species group sylvanus species group
M. sylvanus M. sylvanus M. sylvanus
M. silenus
M. nemestrina silenus species group M. nemestrina species group
M. tonkeana M. silenus M. nemestrina
M. maura M. nemestrina M. leonina
M. ochreata M. tonkeana M. silenus
M. brunnescens M. maura M. pagensis
M. hecki M. ochreata
M. nigrescens M. brunnescens Sulawesi species group
M. nigra M. hecki
M. nigrescens M. fascicularis species group
fascicularis species group M. nigra M. fascicularis
M. mulatta M. arctoides
M. cyclopis fascicularis species group
M. fuscata M. mulatta M. mulatta species group
M. fascicularis M. cyclopis M. mulatta
M. fuscata M. cyclopis
arctoides species group M. fascicularis M. fuscata
M. arctoides
sinica species group M. sinica species group
sinica species group M. arctoides M. sinica
M. radiata M. radiata M. radiata
M. sinica M. sinica M. assamensis
M. assamensis M. assamensis M. thibetana
M. thibetana M. thibetana
Species in bold are included in this study.
(M. nemestrina) within the silenus species group translates
into a great intraspeciﬁc genetic diversity [43].
Morphological variation within and among macaque
species tends to conform to ecogeographic patterns. In
Japanese macaques, body weight and trunk length increase
with decreasing winter temperatures [45–47]. Skull size
increases with increasing latitude within the silenus and
fascicularis species groups [15, 16]. Relative tail length
decreases with increasing latitude within all macaques and
especially within the fascicularis species group [1, 17, 19].
Fooden [1] explains that an elongated tail is the primitive
condition as the genus ﬁrst evolved in tropical latitudes and
s u b s e q u e n t l yr e d u c e di nl e n g t hc o n v e r g e n t l yw i t h i ne a c h
species group as populations dispersed northward. Short
hindlimbs in Japanese and Tibetan macaques compared with
other cercopithecines, moreover, may have developed in
response to the cold temperatures and high-altitude habitats
of these two species [48]. Variation in limb proportions
within Macaca, however, has yet to be examined for eco-
geographic patterning despite the fact that limb proportions
are greatly aﬀected by long-term climatic conditions. It is
important to note, moreover, that while Bergmann’s and
Allen’s rules have typically been applied to intraspeciﬁc
variation in a wide variety of mammalian species, previous
studies of morphological variation in skull size, body size,
and tail length in macaques [1, 17, 19] have identiﬁed
ecogeographic patterns interspeciﬁcally within a species
group. Given the morphological ambiguity in distinguishing
speciesdivisionswithinthefourspeciesgroups[1–3,49]and
thedocumentedintrogressionincloselyrelatedspeciesbased
on molecular studies [39], it seems reasonable to test for
ecogeographic patterning interspeciﬁcally in closely related
macaque species.
This study examines whether altitude and latitude and
ambient temperature inﬂuence interspeciﬁc variation in
Macaca limb proportions by comparing the skeletons of
Assamese (Macaca assamensis), crab-eating (M. fascicu-
laris), Japanese (M. fuscata), rhesus (M. mulatta), pig-tailed
(M. nemestrina), and Tibetan macaques (M. thibetana)
(Figure 1). These six species vary in ecogeography, body size,
and degree of arboreal or terrestrial quadrupedal locomotion
and represent species within three of Fooden’s [1]a n d
Delson’s [2] four macaque species groups. Within the fasci-
cularis species group, rhesus macaques, a mostly terrestrial
and small-bodied species, thrive in degraded forests at
the edge of human habitation from Afghanistan eastward4 Anatomy Research International
through China and from tropical latitudes in Southeast Asia
northward to above 35◦ North latitude including elevations
over3000m[50–55].Crab-eatingmacaques,asmall-bodied,
predominantly arborealspeciesalsoin the fascicularisspecies
group, inhabit lowland secondary riverine forests in the
Philippine and Indonesian archipelagos and Southeast Asia
[56–58]. Japanese macaques, a larger semiterrestrial species
in the fascicularis species group, inhabit latitudes of 31–41◦
north in Japan [47]. Within the sinica species group, the
large-bodied, predominantly arboreal Assamese macaques
inhabit broadleaf evergreen forests at elevations of 150–
2750m in Southeast Asia [59]. Closely related Tibetan
macaques, a large-bodied terrestrial species, are restricted to
East Central China at 25–33◦ North latitude at elevations
of 1000–2400m [60, 61]. Pig-tailed macaques, a large-
bodied terrestrial species in the silenus species group, inhabit
lowland primary forests in Western Thailand, Malaysia, and
Sumatra [56, 57, 62].
This study compares Macaca interspeciﬁc variation in
limb proportions and joint diameters to test for the aﬀects
of climatic conditions in this ecogeographically diverse
genus. While interspeciﬁc variation in limb morphology is
inﬂuenced by many factors, including diﬀerences in body
size, locomotion, and phylogeny, climatic conditions, such
as altitude, latitude, and ambient temperatures, also should
inﬂuence the degree of interspeciﬁc variation in limb pro-
portions in closely related species within this genus. Those
species from the highest latitudes and altitudes (Tibetan,
rhesus, and Japanese macaques) ought to exhibit short fore-
and hindlimbs, smaller limb proportions for their size, and
larger joint diameters compared with their congeners from
tropical, lowland environments (crab-eating, Assamese, and
pig-tailed macaques).
2.MaterialsandMethods
2.1. Macaque Skeletons, Osteometric Variables, and Climate.
I compare limb lengths and joint diameters to estimate
of overall size in the skeletons of six species of macaques
that were collected from their natural habitats (Table 2).
All individuals are adults based on long bone epiphyseal
fusion and the presence of the maxillary third molars in
occlusion. I measured maximum lengths of the humerus
(HUM), radius (RAD), femur (FEM), and tibia (TIB) to
the nearest 0.5mm with an osteometric board. Maximum
lengths of the forelimb (FORE) and hindlimb (HIND) are
the sum of HUM and RAD and FEM and TIB, respectively.
Given that articular surfaces of weight-bearing limb bones
reﬂect both body mass and locomotor behavior [63]a n d
that macaques vary in the degree to which each species
engages in arboreal and terrestrial quadrupedal locomotion,
Ialsomeasuredtheanteroposteriordiametersofthehumeral
(HHAP) and femoral heads (FHAP) to the nearest 0.1mm
with Mitutoyo’s digital sliding calipers.
In order to compare interspeciﬁc variation in limb
proportions, I employ two independent methods for esti-
m a t i n go v e r a l ls i z e .F i r s t ,Ie s t i m a t eb o d ym a s s( M )f o r
each individual using a regression equation of the supero-
inferior diameter of the femoral head (FHSI) and body
weight in cercopithecines ([64]; Table 3). This equation,
Log M (kg) = [2.389 × Log FHSI (mm)] − 4.451, is based
on the relationship between FHSI and known body mass in
cercopithecine species and predicts to within a 13% range of
actual body weight in individual monkeys with known body
weights. In order to adjust for detransformation bias when
converting log-transformed values back to their original
units, I use the quasi-maximum likelihood estimator correc-
tion factor, which represents the product of the dependent
variable with EXP(s2/2) where s2 represents the residual
mean square error of the equation in logarithmic units and is
acommonlyusedcorrectionfactorfordetransformationbias
in morphometric studies [64, 65]. I also use the geometric
mean(GM)measuredoneachindividualasasecondmethod
for estimating overall size [66]. Interspeciﬁc variation in
overall size does not diﬀer in pattern or scope when using
Mo rG M( Table 3).
I traced the latitude and longitude of each monkey’s
recovery site by recording its location from museum cata-
logues or collectors’ ﬁeld notes. I then recorded the latitude
(LAT), altitude (ALT), and the lowest monthly average tem-
perature (TMIN) from the weather station situated nearest
to each recovery site using the Global Climate Categories
CD-ROM ([67]; Table 2). Given that Macaca ﬁrst appeared
in subtropical latitudes in Northern Africa and subsequently
dispersed to temperate latitudes and higher elevations [1–
3], cold ambient temperatures are likely to be a strong
selective pressure in this genus. Thus, my analysis uses the
lowest mean monthly temperature as an important climatic
variable to consider in interspeciﬁc variation in macaque
limbproportions.IcalculatedTMINforeachweatherstation
by averaging the low temperature for the coldest month for
each recorded year.
2.2. Statistical Procedures. Intralimb length proportions,
which represent the length of the distal limb segment of
the fore- or hindlimb relative to the length of its proximal
segment,varywithclimate.Populationsfromcolderclimates
tend to have lower intralimb length proportions than
their tropical counterparts in accordance with Allen’s rule,
patterns that are apparent in a wide variety of mammalian
species [68]. While the application of Allen’s rule has
typically been applied to intraspeciﬁc variation across a wide
range of mammals, previous studies of morphological and
ecogeographic variation in Macaca have applied Allen’s rule
to interspeciﬁc samples of species within particular species
groups [1, 17, 19]. I test whether intralimb length propor-
tions vary with climate in macaque species. Speciﬁcally I
hypothesize that the values of RAD/HUM and TIB/FEM in
Tibetan,rhesus,andJapanesemacaquesfromcolderclimates
and higher altitudes and latitudes should be less compared
with crab-eating, pig-tailed, and Assamese macaques from
lower elevations and tropical regions. Given that all macaque
species engage in some form of arboreal or terrestrial
quadrupedalism, the fore- and hindlimbs of these species
should be nearly equal in length, and thus, their interlimb
length proportions, FORE/HIND, should not vary between
species [63].Anatomy Research International 5
Table 2: Macaca skeletons, climatic variables, and museum locations by species1.
Species2 Males Females ALT3 LAT4 TMIN5 Museum Locations6
A 7 4 43–1800 16.20–25.12 0.7–17.6 FMNH, MCZ
F 41 32 20–1470 −3.43–17.62 14.6–23.38 FMNH, AMNH, NMNH,
MCZ, BMNH
J 17 27 23–1436 35.15–36.73 −8.4–1.9 FMNH, AMNH, NMNH,
UTM
M 16 24 43–4536 −6.75–34.15 −7.6–22.6 FMNH, AMNH, NMNH,
MCZ, UMUP, BMNH
N 15 19 0–1598 −0.43–10.57 9.7–25.4 FMNH, AMNH, NMNH,
UMUP, BMNH
T 8 4 85–2948 26.08–32.65 −11.27–7.76 FMNH, NMNH
Total 104 110
1The climatic variables encompass the geographic ranges by species for this speciﬁc sample, although the six species represented in this study inhabit regions
beyond these ranges.
2In this table and all subsequent tables, the following abbreviations designate each species: A: Assamese macaques, F: long-tailed macaques, J = Japanese
macaques, M: rhesus macaques, N: pig-tailed macaques, and T: Tibetan macaques.
3Altitude in m above sea level.
4Latitude in degrees from the Equator. Negative values indicate southern latitudes.
5Lowest mean monthly temperature in degrees Celsius.
6AMNH: American Museum of Natural History; BMNH: London Museum of Natural History; FMNH: Field Museum of Natural History; MCZ: Museum of
Comparative Zoology, Harvard University; NMNH: National Museum of Natural History; UMUP: University of Philadelphia Museum of Archaeology and
Anthropology; UTM: University of Tokyo Museum.
Table 3: Mean M (in kg) and GM ± two standard errors by species.
Males Females Species
MG MMG M
A9 . 3 9 ± 0.40 76.84 ± 1.12 6.62 ± 0.39 68.11 ± 0.78
F5 . 6 9 ± 0.15 62.35 ± 0.55 3.82 ± 0.13 54.58 ± 0.60
J9 . 7 9 ± 0.42 77.93 ± 1.27 7.30 ± 0.13 69.65 ± 0.36
M9 . 3 6 ± 0.52 73.94 ± 1.63 6.55 ± 0.33 64.55 ± 1.65
N 10.90 ± 0.70 83.78 ± 2.65 7.46 ± 0.25 72.66 ± 0.87
T 14.91 ± 0.62 83.73 ± 1.50 11.59 ± 0.84 76.63 ± 1.85
I compare intra- and interlimb length proportions in
sex-speciﬁc species groups by calculating log-transformed
indices of RAD/HUM, TIB/FEM, and FORE/HIND accord-
ing to the methods described in Ruﬀ [63]. Each index
represents the equation of log (Y/Xb)w h e r eY is the depen-
dent variable in a regression model, X is the independent
variable, and b is the predicted slope given isometric scaling
between the independent and dependent variables [63, 69].
While there are many statistical procedures that evaluate
skeletal proportions between taxonomic groups in which
both the dependent and independent variables are measured
with error, log-transformed indices to compare intra- and
interlimb length proportions have been a useful method
in a variety of studies in humans and nonhuman primates
[26, 63]. In log-transformed indices that represent intra- and
interlimb length proportions, the predicted isometric slope
is 1.0. As in Ruﬀ [63], sex-speciﬁc species means of log-
transformed indices are compared using ANOVA and the
Games-Howell test, a nonparametric post hoc statistical test
that is appropriate for comparing samples of unequal size
that lack normal variance (Table 4).
I also compare individual limb lengths and joint diam-
eters with M and GM by calculating log-transformed
indices using the methods described above. When M is
the independent variable, the predicted isometric slope
in the log-transformed index is 0.333, and, when GM is
the independent variable, the predicted slope is 1.0. For
each comparison, I remove the dependent variable from
GM. As in the analyses of intralimb length proportions, I
compare sex-speciﬁc mean log-transformed indices of each
species using ANOVA and the Games-Howell post hoc tests
(Tables 5–8). If climate inﬂuences interspeciﬁc variation in
limb proportions, then the highland and temperate-dwelling
species ought to have shorter limb lengths and larger joint
diameters for their sizes than the lowland and tropical
dwelling species.
Interspeciﬁc comparisons of long-bone lengths scaled
with body mass in primates and other mammals may
contain a phylogenetic signal, the tendency for closely
related species to resemble one another compared with more
distantly related species due to stochastic evolution (e.g.,
[70, 71]). When a phylogenetic signal is present, various6 Anatomy Research International
Table 4: Log-transformed indices and the Games-Howell post hoc test results of intra- and interlimb length proportions.
Ratio Species n Mean SD The Games-Howell test results
Males log(RAD/HUM) A 5 −0.03 0.04 J > F, T, P<0.05
F3 8 −0.03 0.02
J 1 40 . 0 00 . 0 4
M1 4 −0.03 0.05
N1 1 −0.01 0.03
T6 −0.04 0.02
Males log (TIB/FEM) A 5 −0.06 0.04 F > N; P<0.05
F3 8 −0.05 0.02 F < J; P = 0.01
J1 7 −0.03 0.02 T < F, J, M; N < J; P ≤ 0.001
M1 5 −0.05 0.03
N1 0 −0.08 0.02
T6 −0.10 0.02
Males log (FORE/HIND) A 5 −0.03 0.02 F < A, T; P<0.05
F3 7 −0.07 0.02 J < A, T; P<0.01
J1 4 −0.09 0.03 M < A, T; F < M; P ≤ 0.001
M1 4 −0.11 0.02
N9 −0.07 0.04
T6 −0.04 0.02
Females log(RAD/HUM) A 3 −0.05 0.01 N > A, M; P<0.05
F2 8 −0.03 0.03 J > A, T; N > F; P<0.01
J 2 30 . 0 20 . 0 2 J > F, M, N, P ≤ 0.001
M2 2 −0.04 0.04
N 1 60 . 0 00 . 0 2
T4 −0.04 0.02
Females log (TIB/FEM) A 4 −0.09 0.03 N < F; P<0.01
F3 0 −0.05 0.02 N < J; P ≤ 0.001
J2 6 −0.04 0.02
M2 0 −0.05 0.03
N1 8 −0.07 0.02
T4 −0.09 0.02
Females log (FORE/HIND) A 3 −0.04 0.01 J < T; P<0.05
F2 8 −0.07 0.02 A > F; N > J; T > M; P<0.01
J2 2 −0.10 0.02 A > J, M, N; F > J, M; J > M; N > M; P ≤ 0.001
M2 0 −0.13 0.02
N1 6 −0.08 0.02
T4 −0.04 0.02
phylogenetic comparative methods can be used to correct
for this phenomenon [70, 71]. While the six species analyzed
herediﬀerfromoneanotherintheirphylogenicrelationships
(Table 1), testing for the presence of a phylogenetic signal
is outside the scope of this study for the following reasons.
Most studies that detect a phylogenetic signal in interspeciﬁc
comparisons of long-bone lengths scaled with body mass in
primates and other mammals are based on samples of 20 or
more species means compared across high taxonomic levels
[70, 71]. It is unclear how strong a phylogenetic signal would
be when the interspeciﬁc comparisons are of individuals
at a lower taxonomic level, such as individuals within a
single genus of macaques as examined here. Second, most
interspeciﬁc comparisons of long-bone lengths scaled to
body mass in primates are used to diﬀerentiate species across
broad locomotor groups, such as diﬀerentiating leapers
from brachiators from generalized arboreal quadrupeds
(e.g., [63]). All of the macaques compared in this study,
however, are categorized as general arboreal and terrestrial
quadrupeds, with each species varying to some degree in
its use of terrestrial and arboreal substrates. It is unclear
whether or not a phylogenetic signal can be detected within
a single locomotor group and of the genus-level interspeciﬁc
comparisons of long-bone lengths scaled to body mass as
performed here.
I explore further for interspeciﬁc diﬀerences in limb
lengths and joint diameters through principal component
analysis (PCA) of unrotated variance-covariance matricesAnatomy Research International 7
Table 5: Log-transformed indices and the Games-Howell post-hoc tests of limb lengths and joint diameters relative to M in males.
Ratio Species n Mean SD The Games-Howell test results
Males log (HUM/M0.333) A 5 4.33 0.04 T < A; F < N, J; P<0.05
F 4 04 . 3 00 . 0 5 T < F, J; M < N, P<0.01
J 1 64 . 3 00 . 0 4 T < N; P<0.001
M 1 54 . 2 70 . 0 8
N 1 04 . 3 90 . 0 7
T 6 4.23 0.03
Males log (RAD/M0.333) A 5 4.30 0.01 F < N; T < F; P<0.05
F 3 74 . 2 60 . 0 5 A > F, T; M < N; P<0.01
J 1 44 . 3 00 . 0 5 T < J, N; P<0.001
M 1 44 . 2 40 . 0 8
N 1 04 . 3 80 . 0 9
T 6 4.18 0.04
Males log (FEM/M0.333) A 5 4.38 0.04 N < A, M; T < A, J, M; P<0.05
F 4 04 . 3 80 . 0 4T < A, F, J, M, & N; P ≤ 0.001
J 1 74 . 4 00 . 0 6
M 1 54 . 3 90 . 0 8
N 1 14 . 4 90 . 0 8
T 6 4.29 0.04
Males log (TIB/M0.333) A 5 4.32 0.02 A < J; P<0.05
F 3 84 . 3 20 . 0 5 F < J; T < A; P<0.01
J 1 74 . 3 70 . 0 5 T < F, J, M, N; P ≤ 0.001
M 1 54 . 3 40 . 0 8
N 1 04 . 4 00 . 1 0
T 6 4.19 0.04
Males log (HHAP/M0.333) A 5 2.20 0.02 F < N, T; M < A; P<0.05
F 4 02 . 1 00 . 0 5 F < A; P ≤ 0.001
J 1 52 . 1 60 . 0 9
M 1 52 . 1 20 . 0 7
N 1 02 . 1 80 . 0 6
T 6 2.21 0.06
Males log (FHAP/M0.333) A 5 2.06 0.02 F < A; M < T; P<0.05
F 4 02 . 0 00 . 0 3 F < J, M, N, T; P ≤ 0.001
J 1 72 . 0 60 . 0 2
M 1 52 . 0 40 . 0 2
N 1 12 . 0 50 . 0 3
T 6 2.08 0.02
of HUM, RAD, FEM, TIB, HHAP, and FHAP using the
log-size-and-shape and log-shape methods of Darroch and
Mosimann [72]. Log-size-and-shape variables are simply
each variable transformed into its natural logarithm. Log-
shape variables, which capture individual variation in shape
diﬀerences while controlling for diﬀerences in size, are
calculated as the log-transformed value of the dependent
variable subtracted from the log-transformed value of GM
[72,73].Componentloadingsforthelog-size-and-shapeand
the log-shape variables are listed in Table 9,a n db i v a r i a t e
scatter plots of the ﬁrst two factor scores of both PCAs are
illustrated in Figures 2–5.
I test whether climatic factors inﬂuence interspeciﬁc
variation in body size, limb lengths, and joint diameters
through Spearman’s rho rank-order correlation coeﬃcient
(rs) and partial correlation analyses. I use Spearman’s rho
rank-order correlation coeﬃcient, a nonparametric statisti-
cal test to evaluate correlation between variables that lack
normal distribution, to compare M and GM with ALT, LAT,
and TMIN across all sex-speciﬁc samples (Table 10). I also
use partial correlation analyses to examine the inﬂuence of
ALT, LAT, and TMIN on limb lengths and joint diameters
while controlling for M and GM (Table 11). As stated above,
I always exclude the dependent variable from GM. Given
that ambient temperatures tend to be colder with increasing
altitude and latitude, it is expected that TMIN, LAT, and ALT
are correlated at temperate latitudes and high elevations but
act independently at lower elevations and tropical latitudes.8 Anatomy Research International
Table 6: Log-transformed indices and the Games-Howell post hoc tests of limb lengths and joint diameters relative to M in females.
Ratio Species n Mean SD The Games-Howell test results
Females log (HUM/M0.333) A 3 4.33 0.04 F > J, M, T; N > F; P ≤ 0.01
F 2 84 . 3 10 . 0 4 N > J, M, T; P<0.001
J 2 64 . 2 70 . 0 3
M 2 34 . 2 50 . 0 7
N 1 64 . 3 60 . 0 5
T 4 4.23 0.03
Females log (RAD/M0.333) A 4 4.28 0.04 F > M, T; N > T; P ≤ 0.01
F 2 84 . 2 80 . 0 4 N > F, J, M; J > M, T; P ≤ 0.001
J 2 24 . 3 00 . 0 3
M 2 24 . 2 20 . 0 7
N 1 84 . 3 60 . 0 4
T 4 4.19 0.02
Females log (FEM/M0.333) A 4 4.39 0.03 A < N; T < A, F, M, P ≤ 0.05
F 3 04 . 3 80 . 0 4 T < J; P<0.01
J 2 64 . 4 00 . 0 4 N > F, J, M, T, P ≤ 0.001
M 2 14 . 3 80 . 0 8
N 1 84 . 4 70 . 0 4
T 4 4.30 0.03
Females log (TIB/M0.333) A 4 4.30 0.06 T < F, M < N; P<0.01
F 3 04 . 3 40 . 0 4F < N; T < J, M, N; P ≤ 0.001
J 2 64 . 3 60 . 0 4
M 2 24 . 3 30 . 0 7
N 1 84 . 4 00 . 0 4
T 4 4.21 0.03
Females log (HHAP/M0.333) A 3 2.09 0.07
F 2 82 . 0 50 . 0 5 T > M, N; P<0.05
J 2 62 . 1 30 . 0 4 F < J, T; P ≤ 0.001
M 2 12 . 0 60 . 0 6
N 1 62 . 0 90 . 0 5
T 4 2.14 0.02
Females log (FHAP/M0.333) A 4 2.04 0.03 T > J, M; P<0.05
F 3 02 . 0 00 . 0 2 T > F; P<0.01
J 2 62 . 0 20 . 0 1 F < J, M, N; P ≤ 0.001
M 2 32 . 0 10 . 0 3
N 1 82 . 0 30 . 0 2
T 4 2.07 0.02
I transform all limb variables into their natural loga-
rithmic values, generate all statistical tests and graphs using
Systat version 11.0 [74] and PSAW Statistics 17.0 [75], and
recognize statistically signiﬁcant diﬀerences with a P value
≤0.05.
3. Results
3.1. Intra- and Interlimb Length Proportions. RAD is 0–5%
shorter than HUM, and TIB is 3–10% shorter than FEM
in all species (Table 4). Japanese and pig-tailed macaques
havethehighestintralimblengthproportionsoftheforelimb
indicating that the radius is equal or nearly equal in length
to the humerus in these species while crab-eating, rhesus,
Assamese, and Tibetan macaques have lower intra-forelimb
proportions. In the hindlimb, members of the fascicularis
species group (crab-eating, Japanese, and rhesus macaques)
have higher intralimb length proportions than pig-tailed,
Assamese, and Tibetan macaques, indicating that the length
of the tibia is closer to equal to the length of the femur in the
fascicularis species group compared with other species.
All species share interlimb length proportions that are
slightly below 1.0 indicating that forelimb length is nearly
equal to that of the hindlimb (Table 4). The smallest
proportioned species are from the fascicularis species group,
and the largest proportioned are from the sinica species
group.
3.2. Limb Lengths, Joint Diameters, and Overall Size. Crab-
eating macaques are the lightest species based on estimationsAnatomy Research International 9
Table 7: Log-transformed indices and the Games-Howell post hoc test results of limb lengths and joint diameters relative to GM in males.
Ratio Species n Mean SD The Games-Howell test results
Males log (HUM/GM) A 5 0.73 0.03 J < N; P<0.05
F 3 70 . 7 30 . 0 3 J < F; T < N; P<0.01
J 1 40 . 7 00 . 0 2 T < F; P = 0.001
M 1 40 . 7 00 . 0 3
N 9 0.74 0.02
T 6 0.70 0.01
Males log (RAD/GM) A 5 0.70 0.01 M < N; P = 0.05
F 3 70 . 7 00 . 0 3 T < A, F. J; P ≤ 0.01
J 1 40 . 7 00 . 0 2 T < N; P = 0.001
M 1 40 . 6 80 . 0 4
N 9 0.72 0.03
T 6 0.65 0.02
Males log (FEM/GM) A 5 0.78 0.04 T < F, N; P<0.01
F 3 70 . 8 20 . 0 2 T < M; P = 0.001
J 1 40 . 8 00 . 0 4
M 1 40 . 8 30 . 0 3
N 9 0.84 0.04
T 6 0.76 0.02
Males log (TIB/GM) A 5 0.72 0.01 A < F, T; T < N; P<0.01
F 3 70 . 7 60 . 0 2 A < J, M; T < F, J, M; P ≤ 0.001
J 1 40 . 7 80 . 0 3
M 1 40 . 7 70 . 0 3
N 9 0.76 0.05
T 6 0.66 0.02
Males Log (HHAP/GM) A 5 −1.40 0.03 A > F, M; P<0.05
F3 7 −1.46 0.05 T > F, J, N; P<0.01
J1 4 −1.44 0.08 T > M; P<0.001
M1 4 −1.46 0.05
N9 −1.47 0.05
T6 −1.32 0.04
Males log (FHAP/GM) A 5 −1.54 0.03 T > A, M; P ≤ 0.01
F3 7 −1.55 0.04 T > F, J, N; P ≤ 0.001
J1 4 −1.54 0.04
M1 4 −1.53 0.06
N9 −1.59 0.06
T6 −1.45 0.02
of M, followed by rhesus and Assamese macaques. Japanese
and pig-tailed macaques are slightly heavier, and Tibetan
macaques are the heaviest species (Table 3). Comparisons
of limb lengths relative to M juxtapose small-bodied crab-
eating macaques with long limbs for their size from large-
bodied Tibetan macaques with short limbs (Tables 5 and 6).
Forelimb lengths relative to GM contrast crab-eating and
pig-tailedmacaqueswithlongHUMandRADfromTibetan,
Japanese, and rhesus macaques with shorter forelimbs
(Tables 7 and 8). Hindlimb lengths relative to GM contrast
AssameseandTibetanmacaqueswithshortlimbsfromcrab-
eating and pig-tailed macaques with longer limbs (Tables 7
and 8). Joint diameters relative to GM juxtapose the stockier
TibetanandJapanesemacaquesfromthepig-tailedandcrab-
eating macaques (Tables 7 and 8).
3.3. Principal Components Analysis. The ﬁrst log-size-and-
shape PC axis represents diﬀerences in overall size and
accountsfor90.59%and92.61%ofthetotalsamplevariation
in males and females, respectively (Table 9). All of the
component loadings of this ﬁrst axis are positive and large,
and factor scores are strongly correlated with M and GM (r =
0.94–1.00, P<0.001 for both sexes), which is to be expected
given that GM is the intended size variable in this PCA [76].
Crab-eating and smaller rhesus macaques exhibit negative
factor scores and are separated from the other, larger species
a l o n gt h i sa x i s( F i g u r e s2 and 3).
The second log-size-and-shape PC axis accounts for
6.51% and 4.28% of the total sample variance in males and
females, respectively, (Table 9). While these percentages are
much reduced compared with the ﬁrst log-size-and-shape10 Anatomy Research International
Table 8: Log-transformed indices and the Games-Howell post hoc test results of limb lengths and joint diameters relative to GM in females.
Ratio Species n Mean SD The Games-Howell test results
Females log (HUM/GM) A 3 0.76 0.01 M > J; P<0.05
F 2 80 . 7 60 . 0 2 A > J, M; N > M; P<0.01
J 2 20 . 6 90 . 0 2 F > J, M; N > J; P ≤ 0.001
M 19 0.71 0.02
N 1 60 . 7 50 . 0 2
T 4 0.71 0.02
Females log (RAD/GM) A 3 0.71 0.01 T < F, J; J < N; P ≤ 0.01
F 2 80 . 7 20 . 0 2M < F, J, N; T < N; P<0.001
J 2 20 . 7 20 . 0 2
M 19 0.67 0.02
N 1 60 . 7 40 . 0 2
T 4 0.67 0.01
Females log (FEM/GM) A 3 0.82 0.01 T < F, J; J < M; P<0.05
F 2 80 . 8 30 . 0 2 F < N; T < M, N; P ≤ 0.01
J 2 20 . 8 20 . 0 3 J < N; P<0.001
M 19 0.84 0.02
N 1 60 . 8 50 . 0 2
T 4 0.78 0.02
Females log (TIB/GM) A 3 0.73 0.02 T < F, J, M, N; P<0.01
F 2 80 . 7 80 . 0 2
J 2 20 . 7 80 . 0 2
M 19 0.79 0.02
N 1 60 . 7 80 . 0 2
T 4 0.68 0.02
Females log (HHAP/GM) A 3 −1.49 0.03 T < A, J; P<0.05
F2 8 −1.50 0.05 F < J; P<0.01
J2 2 −1.45 0.05 N < J; P<0.001
M1 9 −1.49 0.06 T > F, M, N; P ≤ 0.001
N1 6 −1.53 0.04
T4 −1.38 0.02
Females log (FHAP/GM)) A 3 −1.53 0.05 J > F, N; P<0.05
F2 8 −1.59 0.04 M > F, N; P<0.01
J2 2 −1.56 0.03 T > F, J. M; P ≤ 0.01
M1 9 −1.54 0.05 T > N; P = 0.001
N1 6 −1.59 0.03
T4 −1.46 0.03
Table 9: PCA component loadings.
Log-size-and-shape Log-shape
Males Females Males Females
Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2
FHAP 0.144 −0.040 0.146 −0.030 −0.043 −0.003 −0.033 −0.035
HHAP 0.156 −0.056 0.153 −0.047 −0.062 0.024 −0.052 0.026
RAD 0.133 0.025 0.135 0.024 0.022 0.011 0.021 0.008
HUM 0.125 0.020 0.121 0.021 0.019 0.008 0.023 0.000
FEM 0.131 0.032 0.135 0.024 0.029 −0.006 0.021 −0.001
TIB 0.124 0.036 0.128 0.021 0.035 −0.004 0.021 0.002
% of total variance 90.59 6.51 92.61 4.28 70.26 15.43 59.42 20.41Anatomy Research International 11
Table 10: Spearman’s rank order correlation coeﬃcient (rs)o fMa n dG Mw i t hc l i m a t ev a r i a b l e s .
Males Females
MG MMG M
rs P rs P rs P rs P
ALT 0.444 <0.001 0.384 0.001 0.454 <0.001 0.280 0.012
LAT 0.545 <0.001 0.520 <0.001 0.489 <0.001 0.341 0.002
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Figure 2: First and second PC factor scores of log-size-and-shape
variables in males. The following labels designate individuals in
each species. Assamese macaques: , crab-eating macaques: ,
Japanese macaques: , rhesus macaques: , pig-tailed macaques:
grey , and Tibetan macaques: pink . The ﬁrst PC axis accounts
for most of the variation within the sample and represents overall
size. The second PC axis, while depicting a much smaller amount
of variation, illustrates variation in relative limb lengths and joint
diameters.
PC axis, they do illustrate subtle, yet important, variations
in limb lengths and joint diameters. Component loadings
along this second axis are strongest and negative for the two
joint diameters and positive yet slightly weaker in the four
limb lengths. This second axis does not explain variation
in overall size since its factor scores are not signiﬁcantly
correlated with M or GM (r = 0.02–0.24, P>0.05 for
both sexes). Rather, the second log-size-and-shape PC axis
contrasts HHAP and FHAP with limb lengths. Tibetan
macaques, with their short limbs and large joint diameters
for their large sizes, are separated along the second PC axis
from pig-tailed macaques, with their long limbs, small joint
diametersyetsimilarlylargebodysizes,andfromcrab-eating
macaques, with their long limbs, small joint diameters, and
much smaller body size (Figures 2 and 3). Assamese, rhesus,
and Japanese macaques are intermediate in limb lengths and
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Figure 3: First and second PC factor scores of log-size-and-shape
variables in females. The following labels designate individuals in
each species. Assamese macaques: , crab-eating macaques: ,
Japanese macaques: , rhesus macaques: , pig-tailed macaques:
grey , and Tibetan macaques: pink . The ﬁrst PC axis accounts
for most of the variation within the sample and represents overall
size. The second PC axis, while depicting a much smaller amount
of variation, illustrates variation in relative limb lengths and joint
diameters.
macaques, the larger, lankier pig-tailed macaques, and the
smaller, lankier crab-eating macaques.
The component loadings of the ﬁrst log-shape PC axis
account for 70.26% and 59.42% of the total sample variance
in males and females, respectively, (Table 9). This axis con-
trasts the four limb lengths with positive loadings from joint
diameters with strongly negative loadings. The component
loadings of the second log-shape PC axis accounts for
15.43% and 20.41% of the total sample variance in males
and females and contrasts upper limb variables, which
are weakly positive, from the weakly negative lower limb
variables. While the ﬁrst two components of the log-shape
PCA accounts for a smaller amount of variation compared
to the ﬁrst two components of the log-size-and-shape PCA,
it does illustrate interesting interspeciﬁc contrasts (Figures 4
and 5). The stockier Tibetan macaques have positive factor
scores along the ﬁrst log-shape PC axis. Crab-eating and pig-
tailed macaques tend to overlap and fall negatively along12 Anatomy Research International
Table 11: Partial correlation coeﬃcients of climate and limb variables controlling for GM and M.
Males Females
Control variable Climate variable Limb variable Partial rPPartial rP
MA L T H U M −0.031 — −0.457 <0.001
RAD −0.123 — −0.460 <0.001
FEM −0.015 — −0.460 <0.001
TIB −0.051 — −0.381 <0.001
HHAP 0.226 0.04 0.031 —
FHAP 0.319 0.004 −0.193 —
LAT HUM −0.068 — −0.480 <0.001
RAD −0.010 — −0.362 0.001
FEM 0.011 — −0.300 0.004
TIB 0.157 — −0.201 —
HHAP 0.203 — 0.068 —
FHAP 0.398 <0.001 −0.208 0.05
TMIN HUM −0.022 — 0.449 <0.001
RAD −0.038 — 0.362 0.001
FEM −0.078 — 0.287 0.006
TIB −0.179 — 0.197 —
HHAP −0.275 0.01 −0.123 —
FHAP −0.398 <0.001 0.245 0.019
GM ALT HUM −0.236 0.04 −0.410 <0.001
RAD −0.487 <0.001 −0.466 <0.001
FEM −0.195 — −0.444 <0.001
TIB −0.321 0.006 −0.300 0.007
HHAP 0.276 0.02 0.417 <0.001
FHAP 0.425 <0.001 0.503 <0.001
LAT HUM −0.538 <0.001 −0.635 <0.001
RAD −0.361 0.002 −0.331 0.003
FEM −0.325 0.005 −0.367 0.001
TIB −0.033 — −0.032 —
HHAP 0.227 0.05 0.361 0.001
FHAP 0.465 <0.001 0.412 <0.001
TMIN HUM 0.445 <0.001 0.631 <0.001
RAD 0.379 0.001 0.366 0.001
FEM 0.301 0.01 0.390 <0.001
TIB 0.102 — 0.058 —
HHAP −0.266 0.02 −0.412 <0.001
FHAP −0.407 <0.001 −0.404 <0.001
the ﬁrst log-shape PC axis despite the diﬀerences in body
size in these two species. Japanese, Assamese, and rhesus
macaques have intermediate factor scores between these two
extremes. It should be noted that Auerbach and Sylvester
[77] recently described limitations of using GM as a size
factor as it can lead to a positive relationship with some of its
contributing variables and a negative relationship with other
contributing variables. The authors, however, demonstrate
that the raw relationships between individual variables and
GMinaPCAremainvalidevenifthesignoftheircoeﬃcients
might diﬀer, which suggests that the results of these PCAs
accurately describe the relationships between limb lengths
and joint sizes in these samples.
3.4. Climate, Limbs, and Overall Size. Both GM and M are
signiﬁcantly positively correlated with ALT and LAT and
negatively correlated with TMIN (Table 10). Partial correla-
tion coeﬃcients reveal moderate, yet signiﬁcant, associations
between limb proportions and climatic conditions while
controlling for size (Table 11). While controlling for M, joint
diameters are positively correlated with ALT and negatively
associated with TMIN. In males, only HHAP is positively
correlated with LAT, while, in females, most limb lengths
and FHAP are negatively correlated with ALT and LAT
and positively correlated with TMIN. When GM is held
constant, HUM and RAD are negatively correlated with ALT
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Figure 4: First and second PC factor scores of log-shape variables
in males. The following labels designate individuals in each
species. Assamese macaques: , crab-eating macaques: , Japanese
macaques:,rhesusmacaques:,pig-tailedmacaques:grey,and
Tibetan macaques: pink . The ﬁrst PC axis contrasts limb lengths
from joint diameters while the second PC axis juxtaposes the upper
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Figure 5: First and second PC factor scores of log-shape variables
in females. The following labels designate individuals in each
species. Assamese macaques: , crab-eating macaques: , Japanese
macaques:,rhesusmacaques:,pig-tailedmacaques:grey,and
Tibetan macaques: pink . The ﬁrst PC axis contrasts limb lengths
from joint diameters while the second PC axis juxtaposes the upper
limb from the lower limb.
diameters are positively correlated with ALT and LAT and
negatively correlated with TMIN. As noted above, altitude,
latitude, and ambient temperature are interrelated and vary
together.Ingeneral,aslatitudeandaltitudeincrease,ambient
temperature is likely to decrease, patterns that are likely to be
exacerbated with ﬂuctuations in humidity and precipitation.
Progressively colder temperatures via either higher altitudes
or more northern latitudes explain much of the patterns
of decreasing limb lengths, increasing joint diameters, and
increasing body size in these macaque species.
4. Discussion
Interspeciﬁcvariationinoverallsizeandlimblengthsrelative
to body size and joint diameters suggest that Macaca limb
morphology conforms, in part, with Bergmann’s and Allen’s
rules. As latitude and altitude increase and average winter
temperature decreases, body size and joint diameters tend
to increase, and relative limb lengths tend to decrease in
a pattern similar to that illustrated by Fooden [17, 19]f o r
relative tail length variation in members of the fascicularis
species group. Species from temperate latitudes and higher
elevations, such as Tibetan and to some degree Japanese
and rhesus macaques, tend to have short limbs and large
joints for their size, while species from lowland tropical
regions, such as crab-eating and pig-tailed macaques, tend
to have long limbs. It is important to acknowledge that
theseclimaticvariablesdonotprovideinformationaboutthe
adverse and additive eﬀects of humidity and precipitation on
theabilitytoconserveorreleasebodyheat.Thus,futurework
should also incorporate these climatic factors into studies of
ecogeographic variation.
Body size and proportions are one factor among many
biological variables that are aﬀected by climatic conditions
in primates. Considering that macaques are unique among
nonhuman primates in their geographic range within tem-
perate latitudes and high altitudes, it is important to situate
climatic adaptations in body size and proportions within
this genus alongside other biological traits that vary with
climatic conditions. The following discussion illustrates the
importance of climatic conditions for foraging strategy,
reproduction, and their relationship with body mass as
well as the importance of locomotion and phylogeny in
discerning interspeciﬁc variation in limb morphology in this
geographically widespread genus.
4.1. Climate and Seasonality in Foraging, Reproduction, and
Body Size. Cold climatic conditions aﬀect food availability,
foraging strategy, and reproduction in highland and tem-
perate macaque species. Macaques from temperate latitudes
and high elevations endure seasonal stress on food resources
especially during late fall through early spring when high-
quality foods are limited in availability. Japanese macaques,
for example, rely on nutritionally poor foods, such as tree
bark, buds, and fallen seeds, during winter months, whereas
they consume higher-quality foods, such as fruit and young
leaves, and have greater dietary breadth during the spring,
summer, and early fall [78–80]. Given that monkey troops14 Anatomy Research International
at Yakushima, a southern location of Japanese macaques,
rely on backup foods with low nutritional content during
winter months [79–82], the more northern populations of
this species must endure even more severe seasonal stress
on food availability. The diet of Tibetan macaques at Mt.
Emei, China, similarly shifts from a diverse array of leaves,
fruit, fungi, insects, and food handouts from tourists during
warmer months to buds, bark, and mature leaves with no
food handouts during winter [60, 83]. Rhesus macaques
from Northern Pakistan and Central China [53, 84] also
experience ﬂuctuations in food availability in which troops
forage on a variety of leaves and ﬂowers during the warmer
months and switch to a lower-quality diet of twigs, buds,
bark, and roots during winter. Rhesus macaques thrive at
the edge of human settlements, and their diet, regardless
of location or season, includes a substantial portion of
foods produced by humans, either through crop raiding or
foliage obtained in degraded forests [50–54]. It is possible
that the widespread geography and extreme environmental
conditionsthatcharacterizetherangeofrhesusmacaquesare
partly due to their ability to thrive near human habitation,
which buﬀers this species from the severity of seasonal
ﬂuctuations of the temperate latitudes which they inhabit.
Macaque species that endure seasonal stress on food
resources will often experience seasonal ﬂuctuations in
body weight in which body fat and muscle are used as
sourcesofenergyduringscarcewintermonths[78].Seasonal
ﬂuctuations in body weight characterize the northernmost
troops of Japanese macaques [45, 46, 78], as well as Tibetan
macaque troops at Mt. Emei, China, which lose nearly
30% of their body weight during winter [83]. Cold winter
temperatures also inﬂuence activity budgets in species that
dwell at temperate latitudes and higher elevations. Japanese
macaques during winter, for example, forage for fallen seeds
and mature leaves, food items that are evenly distributed and
require little time and travel to locate [79, 85]. Despite the
seasonal ﬂuctuations in body weight in temperate latitudes
and higher elevations, these monkeys remain larger in
body size then their low-latitude congeners suggesting that
seasonal dietary stress is not so severe as to threaten their
health.
Seasonally limited diets also reduce the amount of
energyavailableforreproductionleadingtolongerinterbirth
intervals in temperate-dwelling species compared with their
tropical conspeciﬁcs and congeners. Temperate dwelling
rhesus macaques, for example, tend to give birth biannually,
whereas their tropical conspeciﬁcs maintain an annual birth
rate [51, 55, 84]. Similarly, birthing season and female post-
partum weight gain in Japanese macaques are positively
correlated with environmental temperature [86].
4.2. Intra- and Interlimb Proportions, Phylogeny, and Locomo-
tion. Unlikevariationinoverallsizeandlimblengthsrelative
to size, intra-, and interlimb length proportions do not vary
with climate and may reﬂect phylogeny, since closely related
species tend to cluster together despite living in diﬀerent
habitats, or subtle diﬀerences in locomotor behavior, as
these six species vary in the degree to which they engage
i nt e r r e s t r i a lv e r s u sa r b o r e a lq u a d r u p e d a ll o c o m o t i o n .G i v e n
that body size is an important factor in primate positional
and locomotor behavior [87], it is to be expected that
diﬀerences in locomotion are factors in variation in intra-
and interlimb length proportions in these species. While the
extent to which locomotor behavior and phylogeny play a
role in determining variation in these traits is not directly
tested in this study; the following discussion sheds light
on the importance of locomotion and phylogeny in limb
morphology within this genus.
Assamese and Tibetan macaques of the sinica species
group exhibit similar intra- and interlimb length propor-
tions, which may reﬂect the close phylogenetic relationship
between these two species as their locomotor and positional
b e h a v i o r sa r eq u i t ed i ﬀerent. Both species inhabit primary
broadleaf evergreen forests at midelevations, up to 1900m
in Assamese and 2400m in Tibetan macaques [59, 60].
Assamese macaques, however, are arboreal quadrupeds that
rarely descend to the ground while Tibetan macaques are
terrestrial quadrupeds that travel across steeply inclined
mountainous slopes [59–61, 88].
Pig-tailed macaques have the highest limb proportions
and small joint diameters for their large body sizes. As the
sole representative of the silenus species group, they are the
most distantly related species within this sample. Their long
limbs and small joint diameters may represent structural
adaptations to terrestrial quadrupedalism in primary forests
of tropical Southeast Asia [62], an interpretation that ex-
plains their large body sizes and short tails [56, 57].
Members of the fascicularis species group share similar
intra- and interlimb length proportions. Japanese macaques
have the highest intralimb length proportions of both the
upper and lower limb. Crab-eating and rhesus macaques
exhibit nearly identical intralimb length proportions, yet
rhesus macaques have markedly shorter interlimb lengths,
a pattern that may reﬂect diﬀerences in habitat and loco-
motion. While the arboreal crab-eating macaques occupy
more southern latitudes and the predominantly terrestrial
rhesus macaques inhabit more northerly regions, both
species prefer secondary degraded forests at the edge of
human settlements [54]. Rhesus macaques exhibit the most
varied limb proportions, which most likely result from its
widespreadgeographicrangeandhighdegreeofintraspeciﬁc
genetic variation [37, 89]. Smaller rhesus monkeys have limb
proportions that resemble those of crab-eating macaques,
while their larger conspeciﬁcs have limb proportions that
are similar to other temperate-dwelling species. The mor-
phological similarity between the smaller rhesus and crab-
eating macaques may be the result of close genetic aﬃnities
between these tropical Southeast Asian populations. Rhesus
a n dc r a b - e a t i n gm a c a q u e sf o r mc i r c u m s c r i b e dh y b r i dz o n e s
in Northern Thailand [49]. Rhesus macaques from this
region are smaller in body size and proportions and longer
in relative tail length—features that suggest similar climatic
adaptationsorcloselysharedgenetichistorywithcrab-eating
macaques—than their Chinese- or Indian-derived con-
speciﬁcs [90]. Chinese- and Indian-derived rhesus macaques
also maintain large diﬀerences in mtDNA [37, 89], whichAnatomy Research International 15
further suggest that this morphologically variable species
encompasses large amounts of genetic diversity.
Each macaque species diﬀers in the degree that it engages
i nt e rr e s tri a lv e r s u sa rb o r e a lq u a d ru pe d a ll o c o m o t i o n .A rb o -
real crab-eating macaques, with their short limbs, small
joint diameters, and small body sizes, are in contrast to the
larger-bodied, terrestrial pig-tailed and Tibetan macaques,
which also diﬀer from each other in their limb proportions.
Pig-tailed macaques, which travel terrestrially in lowland,
primary rain forest, have long limbs and small joint diam-
eters, while Tibetan macaques, a terrestrial species that
travels across steeply inclined mountainous slopes at higher
elevations, have short limbs and large joint diameters.
Numerous studies examine primate long-bone structure
to distinguish broad categories of locomotor and positional
behaviors, such as to diﬀerentiate leapers, brachiators, and
generalized arboreal and terrestrial quadrupeds, in extant
and extinct species (e.g., [63, 91, 92]). While the data
presented here do not directly compare limb morphology to
identify diﬀerences in locomotion and whether or not these
diﬀerences also reﬂect phylogenetic relationships within
Macaca, the results from this work suggest that variations
in macaque limb proportions may reﬂect subtle diﬀerences
in the degree that each species engages in arboreal and
terrestrialquadrupedalismacrossdiﬀerentsubstrates.Future
studies of primate limb morphological variation should
consider the eﬀects of locomotion across diﬀerent substrates
within a single locomotor category, such as terrestrial
or arboreal quadrupedal locomotion, within and among
Macaca species or other primate genus as well as test for the
eﬀect of phylogeny in our ability to detect these interspeciﬁc
variations.
5. Conclusions
As a genus, Macaca oﬀers important insights into the signif-
icance of ecogeographic variation in primate evolution. As a
geographically widespread genus with many closely related
species with recent genetic divergence from one another,
species within this genus are unique among nonhuman
primates for inhabiting regions outside the tropics that
extend into temperate- and high-altitude regions. Results of
this study indicate that ecogeographic factors are important
sources of variation in postcranial morphology within this
genus. Climatic conditions, including ambient temperature,
altitude, and latitude, inﬂuence variation in limb lengths and
proportions and overall body size that function to control
thermoregulation. These same climatic conditions also aﬀect
seasonality in diet, foraging strategies, and reproductive
ecology within and among Macaca species. Although not
directly tested here, this study also suggests that subtle
interspeciﬁc diﬀerences in locomotion and substrate use,
which also are inﬂuenced by ecological conditions, are
important sources of variation in inter- and intralimb
length proportions within macaques. Thus, as this study of
macaquesdemonstrates,ecogeographicconditionsshouldbe
important factors considered in explanations of the recent
evolution of postcranial morphological variation in closely
related primate taxa.
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